Abstract Q-balls are a possible feature of any model with a conserved, global U(1) symmetry and no massless, charged scalars. It is shown that for a broad class of models of metastable supersymmetry breaking they are extremely influential on the vacuum lifetime and make seemingly viable vacua catastrophically short lived. A net charge asymmetry is not required as there is often a significant range of parameter space where statistical fluctuations alone are sufficient. This effect is examined for two supersymmetry breaking scenarios. It is found that models of minimal gauge mediation (which necessarily have a messenger number U(1)) undergo a rapid, supersymmetry restoring phase transition unless the messenger mass is greater than 10 8 GeV. Similarly the ISS model, in the context of direct mediation, quickly decays unless the perturbative superpotential coupling is greater than the Standard Model gauge couplings.
Introduction
The problem of how to break supersymmetry (SUSY) is a persistent one and, despite great leaps in understanding, there is yet to be a conclusive solution. Many of the difficulties arise from the severe restrictions placed on models if they are to avoid having a supersymmetric vacuum. For example, the Witten index must vanish [1] which requires the model to be either chiral or contain massless matter, both of which pose serious model building difficulties. In addition, there should be an unbroken U(1) R symmetry [2] . Not only does this condition greatly restrict the set of available models, it poses some deep phenomenological problems: namely the occurrence of a massless R-axion and anomalously small gaugino masses [3] .
An attractive way to sidestep these problems is to abandon the idea of global SUSY breaking and instead allow a supersymmetric vacuum to exist somewhere in the model. The universe can be placed in a metastable SUSY breaking vacuum and, as long as this vacuum is sufficiently long lived, the aforementioned problems can be ameliorated with no detrimental consequences. The idea was popularised by Intriligator, Seiberg, and Shih (ISS) in Ref. [4] , where it was shown that precisely this situation arises naturally in massive SQCD. There have since been many developments in the area and there are now a plethora of metastable SUSY breaking scenarios to choose from (see Refs. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] for some recent examples).
One aspect of metastability that has thus far been unexplored is the effect of nontopological solitons, such as Q-balls [18] , on the lifetime of the metastable vacuum. Q-balls exist in many models with scalar fields charged under an unbroken, global U(1) symmetry, and it has long been known [19, 20] that such objects can induce phase transitions. An important difference between phase transitions precipitated by Q-balls and those arising through more conventional means is that sub-critical vacuum bubbles can build up gradually in the former scenario [20] [21] [22] : charge conservation ensures stability at any given stage. The timescale for these decays is therefore much less than one would estimate using the usual tunnelling action.
Many models of metastable SUSY breaking include an unbroken U(1) symmetry in the metastable SUSY breaking vacuum and, of course, support scalar excitations. It is therefore important to ask whether Q-balls can speed up the decay of this vacuum relative to the usual estimate. Perhaps of greatest phenomenological significance is the question of whether Qballs can induce a decay to the true, supersymmetric vacuum, although decays to lower lying SUSY breaking vacua are also important in models with uplifted metastable SUSY breaking vacua [23] [24] [25] [26] [27] [28] [29] [30] . It transpires that Q-balls have a major effect on the vacuum lifetime and often make seemingly viable metastable vacua decay on a cosmologically negligible timescale.
The structure of this article is as follows. In section 2 the salient features of Q-balls and how they induce vacuum decay are reviewed. It is shown that Q-balls exist in any metastable vacuum with an unbroken U(1) symmetry that does not contain massless, charged scalars. If there are no charged fermions or vector bosons lighter than the lightest charged scalar and the scalars remain in equilibrium, Q-balls naturally increase in size until they reach a critical charge and the metastable vacuum is destabilised. Furthermore, statistical charge fluctuations are in themselves often enough to seed the formation of critical Q-balls -no net charge asymmetry is required. In sections 3 and 4 these results are applied to a generic model of gauge mediation, and the model of ISS when used in direct mediation. Both are shown to undergo a premature phase transition to the supersymmetric vacuum for a large range of parameters. For gauge mediation the vacuum is destabilised unless the messenger mass is greater than 10 8 GeV. In the ISS model one must have h > g SM . Section 5 concludes and discusses some general model building strategies for mitigating the aforementioned effects.
Q-balls in metastable vacua
Non-topological solitons are common in models whose vacua possess unbroken symmetries. Global [18, 31, 32] , local [33] , abelian and non-abelian [34, 35] symmetries have been considered, but only the simplest case will be investigated in this article: a global U(1). Specifically, consider a model of a complex scalar field ϕ in a potential U (ϕ) admitting such a symmetry. For a vacuum with unbroken U(1) to exist the potential must have a minimum at ϕ = 0 where, without loss of generality, one can fix U (ϕ) = 0. The physical argument for the existence of Q-balls then goes as follows. Given a total charge Q, which is a conserved quantity due to the unbroken U(1) symmetry, one must find the most energy efficient way of distributing it. If it is more economical to store the charge in a 'blob' of non-zero field VEVs than in free scalar particles there are stable Q-ball solutions to the equations of motion.
Mathematically, a field configuration ϕ(x, t) with total charge Q should minimise the energy
where the second term ensures charge conservation via the Lagrange multiplier ω.
Rearranging gives
where an effective potential
has been defined. All time dependence occurs in the first term from which one deduces that classical solutions take the form ϕ(x, t) = ϕ(x)e iωt for some real parameter ω and a real function ϕ(x) that minimises
i.e. the problem reduces to one of finding the bounce solution associated with tunnelling in three Euclidean dimensions [18] . Solutions to this problem, and therefore Q-balls, generically exist if there are two minima of U ω (ϕ) for a finite range of ω; one at ϕ = 0 and a second lower minimum at ϕ = ϕ 0 = 0. When the original potential is everywhere positive this is equivalent to demanding the function µ 2 (ϕ) = U (ϕ)/ϕ 2 is minimised away from the origin. If U (ϕ) is allowed to take negative values the situation changes. Of interest here are models where the vacuum ϕ = 0 is only metastable due to the model having a second minimum at ϕ = ϕ 0 = 0 where the potential U (ϕ 0 ) = U 0 is negative -the true vacuum. The effective potential (2.3) then automatically has a minimum at non-zero ϕ for any choice of ω. This is clearly true for ω = 0 where said minimum coincides with the true vacuum. As ω is increased the effective potential becomes more negative and the second minimum is pushed to larger values of ϕ until ω = m ϕ . At this point the minimum at the origin is destroyed but, as long as the allowed range of ω is non-trivial (in other words m ϕ > 0) Q-ball solutions will always be supported 1 .
To get a handle on what Q-balls look like one can use their spherical symmetry [18] to show that they satisfy
for radial coordinate r. The problem can be visualised as the damped Newtonian motion of a particle in a potential −U ω (ϕ) with respect to 'time' r. Q-ball solutions start from rest at non-zero ϕ and come to rest again after infinite time at ϕ = 0. In the absence of the damping term the particle would have to start between ϕ 0 and zero where U ω (ϕ) = 0, hence the full solution should lie somewhere a little further out than this where U ω (ϕ) < 0. Since U ω (ϕ) < U (ϕ) this alone does not suggest that the actual potential of the Q-ball is negative, but for large enough Q-balls it is indeed the case. To see why note that decreasing ω both moves the starting point of the motion away from the origin and decreases the curvature of the effective potential (see Figure 2 .1). The particle thus starts off more slowly and has further to travel so inevitably takes longer to reach ϕ = 0. In terms of the Q-ball this means that ϕ is larger for a greater range of r, or small ω corresponds to a large Q-ball 2 . Conversely, when a Q-ball is large enough ω is sufficiently small that the interior potential itself is negative, not just the effective potential. As a function of charge the total Q-ball energy [18] is
where E S and E V are the surface and potential (or volume) energies, and the first term can be thought of as kinetic energy. The surface energy is always positive 3 but suppose the potential becomes negative and consider varying the radius of the Q-ball by a scaling factor α [19, 20] ; the energy goes like
For small values of Q there are two stationary points with respect to α: a local miniumum at α = 1 (this is the Q-ball solution so exists by assumption) and a local maximum at α > 1. However, as the charge is increased the two solutions move closer together until some critical charge Q c where there is only one, unstable stationary point. Above this critical charge α diverges, i.e. the Q-ball expands to fill the universe with its own internal state, precipitating a phase transition. The situation is summarised in Figure 2 .2.
To examine the properties of critical Q-balls one typically needs to make some kind of approximation. First, suppose the Q-ball has radius R and can be approximated by taking ϕ(r) =φ = constant inside the Q-ball and zero everywhere else. The energy can be rewritten for the surface factor S, approximated by [18, 20] 
This is the thin wall limit, and is valid for large Q-balls when the two vacua of the original potential are nearly degenerate -specifically, the energy barrier ∆U is much greater than the depth of the global minimum |U 0 | (see the solid curve in Figure 2 .1). One can then takē ϕ ≈ ϕ 0 so the Q-ball interior coincides with the true vacuum, upon which the critical charge is defined explicitly by finding the value of Q for which both the first and second derivatives of the energy vanish:
(2.10)
In addition, one can deduce the value of R for which this occurs and write down the volume and energy of a critical Q-ball
which will be of use later. Alternatively the original potential could be such that ∆U |U 0 | and the two vacua are highly non-degenerate (the dashed curve in Figure 2 .1). Now the thick wall approximation [36] is more suitable. As mentioned earlier a large Q-ball corresponds to small ω so the limit ω → 0 can be taken for a critical Q-ball. The results of Ref. [36] then yield a critical volume and energy 4
where ∆U is the height of the potential barrier. In both thin and thick wall cases the energy approaches a constant value when the charge becomes large. This is manifest for the thick wall approximation; for the thin wall analogue it can easily be shown using the above equations and noting that |U 0 | is small. Since the critical charge is the point at which the surface and potential energies balance it is perhaps not surprising that an extra unit of charge merits an almost equal and opposite contribution from each.
The key difference between a Q-ball induced phase transition and tunnelling directly to the true vacuum is that a critical Q-ball does not have to form spontaneously. Instead it can grow gradually by accreting charge from its surroundings until it reaches the critical size. Stability is ensured at any stage in this process by charge conservation 5 and, in models where Q-balls exist, there are classical solutions for arbitrarily small charges [36] (consistent with charge quantisation). The solutions are expected to be resilient to quantum fluctuations above a charge of about seven [37] . In Refs. [20] [21] [22] it was shown that one can start from a small Q-ball and gradually build up the charge through "solitosynthesis", where the accretion is facilitated by a chain of reactions in thermal equilibrium
where B(Q) denotes a Q-ball of charge Q. To reach the critical charge unhindered one requires that the freeze out temperature of the accretion reactions, T f , is less than the temperature at which the critical Q-ball population explodes, T c . Links in the chain involving Q-balls typically have a large cross section (about the physical size of the Q-ball) so the process is limited by the reactions keeping the ϕ's in equilibrium 6 . Hence T f is the freeze out temperature of the ϕ's, whereupon general thermodynamical arguments lead to
where σ is the cross section for the annihilation of ϕ's to light particles. Meanwhile T c satisfies [20] 
where η is the charge asymmetry (the charge per photon) and g ϕ denotes the number of degrees of freedom associated with the ϕ's. The charge asymmetry is expected to be small so the | ln η| term dominates the denominator whereas the derivative term has been set to zero owing to the reasons presented earlier.
Enforcing the inequality T c > T f thus collapses to a bound on the charge asymmetry
Even if the overall charge of the universe is zero, there will always be a statistical contribution to η over a finite region of space. In a comoving volume V , the relative excess of charge goes like 1/ n ϕ V (n ϕ V being the total number of ϕ's) so the charge asymmetry is given by
for messenger and photon number densities n ϕ and n γ . From Eq. (2.16) this is large enough to support critical Q-balls all the way down to the freeze out temperature in any volume
If a critical Q-ball comfortably fits into this volume, i.e.
statistical fluctuations alone are enough to seed their formation. Physically, one expects to form equal numbers of critical Q-balls carrying both positive and negative charge by this approach. As they destabilise and expand, their boundaries inevitably collide and the net charge is annihilated when the system relaxes to the true vacuum. The final obstacle to solitosynthesis is the presence of light, charged fermions or vector bosons. If these exist, they will absorb any charge instead of the Q-balls and solitosynthesis will not take place. Since all charged scalars are automatically massive enough not to encroach on critical Q-ball formation, it is sufficient to check that none of the charged fermions and vector bosons in equilibrium at T c are lighter than the lightest charged scalar. Assuming this and all other conditions are met, the time at which the phase transition happens can be estimated via the Hubble time scale at the critical temperature:
for the minimal required charge asymmetry (2.16). Ignoring the log term, this would demand a scalar mass less than 10 −11 GeV for t c to be less than the age of the universe, 10 10 years. When they do occur, phase transitions can occur in one of two ways as illustrated in Figure 2 .3. First is direct decay: the metastable vacuum decays, via Q-balls, directly to the true vacuum. In this approach the interior of the Q-ball is stable in all directions and roughly coincides with the true vacuum, where the corresponding U(1) symmetry is necessarily broken. A more subtle variation that can occur when the model contains multiple fields is indirect decay. Even if the U(1) symmetry persists in the true vacuum there is always a finite region around it where the symmetry is broken yet the potential remains negative. Such a region can support Q-ball solutions that quickly decay to the true vacuum once the phase transition has taken place. In other words, Q-balls can do the hard work of tunnelling through the potential barrier after which the model quickly completes the transition of its own accord. 
Messenger number and gauge mediation
It is now possible to apply these ideas to some popular models of metastable SUSY breaking and search for instances of solitonic SUSY restoration (SSR). A simple example of direct SSR can be found in the minimal model of gauge mediation [38] . SUSY is broken by the F -term of a chiral superfield X acquiring a VEV, then transmitted to the visible sector by a single pair of messenger chiral superfields ϕ andφ charged under the Standard Model gauge group (e.g. in the 5 + 5 representation of SU (5)). Communication is via superpotential interactions
W SB denotes the (unspecified) superpotential of the SUSY breaking sector -it is a function of X and some other chiral superfields ψ -and an explicit messenger mass M has also been included (the coupling constant in the second term has been absorbed into the field X). This model clearly admits a global U(1) messenger number symmetry, under which ϕ andφ have charges +1 and −1. Messenger number is in fact necessarily conserved in any vacuum that does not break the Standard Model gauge group. Note that the explicit mass term precludes the possibility of the model having an R-symmetry. This is not strictly necessary, but allows for large gaugino masses due to the model having a supersymmetric vacuum [2] .
The F -terms derived from Eq. (3.1) are
where F (X, ψ) = ∂W SB /∂X is responsible for breaking SUSY in the metastable vacuum, where it takes the value F . The remaining F -terms are set to zero by choosing
whereas the VEV of X, fixed at some value X + , is determined by the details of the SUSY breaking sector. It is straightforward to check that the tree level messenger masses are
with the usual requirementM 2 > |F | imposed by vacuum stability. X is the goldstino superfield (models where the goldstino is a linear combination involving other fields will be discussed later) so its scalar component is a classical flat direction, or pseudo-modulus [3, 39] . Hence the VEV of X can be chosen at will without affecting the tree level potential and one finds an additional, supersymmetric minimum at
Of course, for the SUSY breaking vacuum to be locally stable the scalar component of X must be stabilised by a mass term arising from loop corrections. This mass term disappears in the supersymmetric vacuum where the loop correction vanish.
The above model has all the ingredients for SSR; a metastable vacuum with an unbroken U(1) symmetry, charged scalar fields and a supersymmetric vacuum where the symmetry is broken. However, before formally reaching any conclusion it must be checked that Q-balls can be built up via solitosynthesis (i.e. there are no light charged fermions or vector bosons and the messengers remain in thermal equilibrium) and that the critical Q-ball formation temperature T c is greater than the freeze out temperature of the messengers T f (i.e. Eq. (2.16) is satisfied). The only fields carrying messenger number are the messengers themselves and their masses were calculated in Eq. (3.4): there is always a charged scalar lighter than the lightest charged fermion so solitosynthesis proceeds unhindered. Meanwhile messengers are kept in thermal equilibrium by Standard Model gauge interactions, at the messenger scalē M , so the appropriate freeze out cross section is σ ∼ g 2 SM /M 2 ∼ 1/M 2 . One thus finds that any charge asymmetry
is enough to build critical Q-balls. Statistical fluctuations of η alone can seed critical Q-ball formation if Eq. (2.19) is satisfied, but there are two cases one must consider. If the SUSY breaking is small then the messenger massM is much greater than the supersymmetric mass splitting √ F , and therefore the potential barrier is much larger than the difference in energy between the metastable and supersymmetric vacua. This is the thin wall limit so the critical volume is given by Eq. (2.11):
where the surface factor (2.9) has been approximated in the limit F ≪M 2 by
leaving open a substantial region in parameter space for which all constraints for SSR are satisfied and the metastable vacuum decays. Conversely, if SUSY breaking is large F andM 2 are of a similar order and one should use the thick wall limit (2.12) for the critical volume instead. The result is a modified bound
for a viable vacuum, that cannot hold for any messenger mass below the Planck scale. In other words, SSR always takes place in the case of large SUSY breaking.
To summarise, Q-balls lead to metastable vacuum decay in any model of minimal gauge mediation unlessM
whereM is the messenger mass and F the scale of SUSY breaking. If this inequality is not satisfied critical Q-balls are seeded by statistical fluctuations in the charge asymmetry and go on to destabilise the SUSY breaking vacuum. Using the fact that the gaugino mass is given by F/16π 2M ∼ 1 TeV, one finds an absolute bound M > 10 8 GeV (3.12)
on the messenger mass. When SSR does occur, is does so at time (2.20)
and is much less than the age of the universe, 10 10 years, for all realistic choices of messenger mass (e.g. t c ∼ 10 −8 s forM ∼ 1 TeV and decreases asM gets larger).
Beyond minimal gauge mediation
In the above only a stripped down version of gauge mediation was considered. The most obvious way to go beyond the minimal model is to add more messenger fields. This barely changes the conclusions reached above. Indeed, one extends the superpotential (3.1) to
for some coupling constants λ ij . The messenger mass matrix λX + + M can always diagonalised, upon which the constraints (3.12) must be satisfied withM replaced by min(|λX + + M |).
Alternatively one could generalise the SUSY breaking sector so X does not coincide exactly with the goldstino superfield, hence is not necessarily a pseudo-modulus. One must then consider the details of the SUSY breaking sector to see if and where a supersymmetric vacuum occurs. Assuming there is one, SSR proceeds much as before. Light charged fermions and vector bosons remain absent and the temperatures T f and T c depend only on the messenger sector so are unchanged. Even if messenger number persists in the new supersymmetric vacuum there will be a finite region around it where the messenger VEV is non-zero and the relative potential is negative, allowing for indirect SSR. However, the final constraints (3.12) will be different; they depend on how fields from the SUSY breaking sector affect the Q-ball configuration. For example, new field VEVs appear in the surface factor (2.9) and subsequently the critical volume. This in turn is vital for figuring out whether statistical charge fluctuations can seed critical Q-balls, which must be considered on a case by case basis.
Baryon number and the ISS model
One may also ask whether Q-balls can destabilise metastable vacua in the absence of an explicit messenger sector. A popular model of metastable SUSY breaking is that of Intriligator, Seiberg and Shih (ISS) [4] . To recap, this model is based on SQCD with gauge group SU(N ), N f flavours of quark chiral superfield q andq, and a gauge singlet meson chiral superfield Φ. It arises dynamically through Seiberg duality [40] as the low energy limit of massive SQCD with N c = N f −N colours and no meson superfield. At tree level the model has superpotential
for some perturbative coupling h and mass scale m (both assumed real for simplicity), and permits a global symmetry group
For N f > 3N the model is infrared free and supersymmetry is broken due to the rank condition: the F -terms F Φ = hqq − hm 2 1l N f cannot all be satisfied simultaneously asqq is a rank N matrix, 1l N f is a rank N f matrix and N f > N . The metastable vacuum is defined by
the vacuum energy is (N f −N )h 2 m 4 and there is a residual global symmetry group of SU(N )×
Moving the meson VEV away from the origin results in the quarks picking up a tree level mass hΦ. When this mass becomes large enough the quarks are integrated out, leaving a theory of mesons with a dynamically generated superpotential
for a dynamical scale Λ. One thus finds a supersymmetric minimum at
As long as m ≪ Λ all calculations are under control and the metastable vacuum is seemingly long lived. The U(1) symmetries in the SUSY breaking vacuum comprise a baryon number and an R-symmetry, however the R-symmetry is anomalous 7 leaving baryon number as the prime candidate for SSR. It is convenient to expand around the metastable vacuum using degrees of freedom
(Y and X are N × N and (N f − N ) × (N f − N ) matrices and the dimensions of the other components follow suit) with baryon numbers
The bosonic and fermionic components of all charged fields acquire masses of order hm, with the exception of the scalar combinations ℜ[ρ +ρ] and ℑ[ρ −ρ] which are massless Goldstone bosons of the various broken symmetries. The presence of these massless, charged scalars prevents the formation of Q-balls. To see why, note that the effective potential (2.3) has no minimum at the origin for any non-zero value of ω: the addition of a mass term −1/2ω 2 ϕ 2 to all charged scalars renders any massless ones tachyonic. However, when the ISS sector is employed in a direct mediation scenario (as in often the case [23, 25, [27] [28] [29] [30] [41] [42] [43] [44] [45] [46] [47] [48] ) the flavour group is gauged; the prospective Goldstone bosons are eaten by gauge fields of the broken symmetry which gain a mass g SM m via the super Higgs mechanism. Another subtlety arises from the fact that baryon number remains unbroken in the supersymmetric vacuum. This is not actually a problem as there must exist a finite region in field space around the supersymmetric vacuum where baryon number is broken but the potential remains negative. Indirect SSR remains possible. Consider, for example, starting from the supersymmetric vacuum and giving all components of the meson a VEV Φ, but leaving the quark VEVs fixed at zero. The relative scalar potential is calculated from Eq. (4.4) and goes like
It is negative for a range ofΦ with similar magnitudes to Φ 0 , and baryon number is broken whenever the Z's are non-zero. Hence Q-ball solutions will occur along Z directions with interior values of order Φ 0 . Solitosynthesis is unimpeded if h ≤ g SM such that the charged gauge bosons are not lighter than their scalar counterparts. All charged fermions already satisfy this constraint as their masses are equal to those of the scalars at hm. The only thing left to check is whether Eq. (2.19) holds, such that statistical fluctuations in the charge asymmetry are capable of seeding critical Q-balls. One must first decide whether to work in the thin or thick wall limit for the purposes of calculating the critical volume. Since the charged scalars have masses hm and the metastable vacuum energy is order h 2 m 4 > (hm) 4 (recall, h is a perturbative coupling constant) the vacua are highly non-degenerate and the thick wall approximation is most suitable. Once again the scalars are kept in equilibrium through Standard Model gauge interactions so σ ∼ g 2 SM /h 2 m 2 ∼ 1/h 2 m 2 and, using the critical volume given in Eq. (2.12) with m ϕ = hm, Eq. (2.19) is satisfied unless
The result is, in fact, identical to that found for large SUSY breaking in minimal gauge mediation but with a messenger mass hm. This is of course due to the fact that direct mediation in the ISS model is a specific example of gauge mediation -the ρ's and Z's act as messengers and their masses are hm. The conclusions reached in the previous section thus hold here; any realistic choice of hm (i.e. less than about M Pl ) results in SSR on a timescale much less than the age of the universe. In summary, SSR occurs in models of direct mediation using an ISS SUSY breaking sector, unless h > g SM where g SM is the Standard Model gauge coupling and h a perturbative coupling constant. It does not occur when the Goldstone bosons in the metastable vacuum corresponding to broken flavour symmetries remain massless, but any mechanism or deformation that gives them a mass would yield similar results. The phase transition takes place at time (2.20)
which is again much less than the age of the universe unless hm is extremely small (and well into the observable range).
Conclusions
Q-balls induce vacuum decay in a large class of models, and those of metastable SUSY breaking are no exception. So long as the metastable vacuum has an unbroken, global U(1) symmetry and no massless, charged scalars Q-balls always exist, with negative interior potential for a sufficiently large charge. After reaching a critical charge, they precipitate a phase transition to the supersymmetric vacuum regardless of whether or not the U(1) symmetry is preserved there. In the absence of light charged fermions or vector bosons, and if the scalars remain in thermal equilibrium, these critical Q-balls are able to build up gradually via solitosynthesis and are stable throughout the process due to charge conservation. Furthermore, there is a range of parameter space where critical Q-balls can be seeded by statistical charge fluctuations alone so no overall charge asymmetry is required. In order to calculate this range one must decide whether to work in the thick or thin wall approximation, depending on whether the scale of SUSY breaking is comparable to or much less than the charged scalar masses respectively. Having done so, the timescale of vacuum decay can easily be estimated and is almost always much less than the age of the universe. These ideas have been applied to models of gauge mediation, where messenger number plays the role of the global U(1) symmetry, and direct mediation in the ISS model, where one can use baryon number. In both cases, solitonic SUSY restoration occurs. Any messenger mass less than 10 8 GeV results in vacuum decay with no net charge asymmetry in the minimal model of gauge mediation, with non-minimal models yielding similar (but model dependent) constraints. On the other hand messengers lighter than about 3 TeV are expected to overclose the universe, presenting a serious model building challenge. In the ISS model, SSR is dependent on the Goldstone bosons charged under baryon number getting a large enough mass. Direct mediation results in them being eaten by gauge bosons, that acquire a mass proportional to the Standard Model gauge couplings. Unless the gauge couplings are smaller than the perturbative coupling in the superpotential (h > g SM ) solitosynthesis, ergo SSR, are unimpeded.
The simplest way to build long lived models of metastable SUSY breaking is to ensure that the spectrum contains massless charged scalars or charged fermions lighter than the lightest charged scalar. R-symmetries, for example, always meet this condition due to the massless Goldstino that is associated with SUSY breaking. Meanwhile the vanilla ISS model is also safe, as there are massless scalars with non-zero baryon number in the metastable vacuum which prevent the formation of Q-balls. Alternatively one could search for models of SUSY breaking with no unbroken U(1) symmetries at all, although even then one would have to check whether non-topological solitons corresponding to non-abelian symmetries resulted in SSR. Otherwise SSR is avoided by ensuring that there is no net charge asymmetry in the universe, and that statistical charge fluctuations are insufficient to build critical Q-balls. It should be noted that the analysis assumes a reheat temperature greater than T f ∼ m ϕ . Another way to evade these conclusions is to not reheat to this temperature but then, since in all reasonable models m ϕ ∼ √ F , it would no longer be possible for thermal effects to drive the theory to the metastable minimum [49] [50] [51] .
Ultimately the task of building a viable model of metastable SUSY breaking now seems even more daunting. Indeed, many existing models that appear to have long lived vacua are likely to be destabilised once Q-balls have been taken into account. Fortunately all is not lost. It is clear how SSR can be avoided, providing a concrete guide for future model building endeavours.
